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Cocrystal Structure of the Messenger
RNA 59 Cap-Binding Protein (eIF4E)
Bound to 7-methyl-GDP
Joseph Marcotrigiano,* Anne-Claude Gingras,³ protein synthesis begins with recognition of 7-methyl-
G(59)ppp(59)N by eukaryotic initiation factor 4E (eIF4ENahum Sonenberg,³ and Stephen K. Burley*²§
or cap-binding protein). eIF4E is the least abundant of*Laboratories of Molecular Biophysics
the general translation initiation factors and is consid-²Howard Hughes Medical Institute
ered to be the factor limiting recruitment of the ribosomeThe Rockefeller University
to the translation start-site (reviewed in Sonenberg,New York, New York 10021
1996). Not surprisingly, overexpression of wild-type³Department of Biochemistry
eIF4E in cultured cells causes malignant transformationand McGill Cancer Center
(Lazaris-Karatzas et al., 1990). eIF4E is a component ofMcGill University
the eIF4F complex, which includes eIF4G (or p220) andMontreal, Quebec H3G 1Y6
eIF4A (an ATP-dependent RNA helicase). BiochemicalCanada
studies revealed that eIF4G is a bridge between eIF4E
and eIF4A (reviewed in Sonenberg, 1996). Following cap
recognition by its eIF4E subunit, eIF4F and eIF4B unwind
Summary secondary structure in the 59-untranslated region of the
mRNA, rendering the initiation codon accessible to the
The X-ray structure of the eukaryotic translation initia- ribosome (reviewed inMerrick and Hershey,1996). Thus,
tion factor 4E (eIF4E), bound to 7-methyl-GDP, has cap-binding by eIF4E establishes a stable protein±
been determined at 2.2 AÊ resolution. eIF4E recognizes mRNA foundation for assembly of a functional transla-
59 7-methyl-G(59)ppp(59)N mRNA caps during the rate- tion initiation complex.
limiting initiation step of translation. The protein re- Given eIF4E's pivotal role in translation, it is not sur-
sembles a cupped hand and consists of a curved, prising that it is a critically important target for regulation
8-stranded antiparallel b sheet, backed by three long of gene expression in eukaryotes. The transcriptional
a helices. 7-methyl-GDP binds in a narrow cap-bind- activator c-Myc regulates eIF4E levels via interactions
with an E-box in the eIF4E gene promoter (Jones et al.,ing slot on the molecule's concave surface, where
1996). eIF4E activity is also regulated by posttransla-7-methyl-guanine recognition is mediated by base
tional modificationand by binding to negative regulatorssandwiching between two conserved tryptophans,
of translation initiation. In response to treatment of cellsplus formation of three hydrogen bonds and a van der
with growth factors, hormones, and mitogens, mamma-Waals contact between its N7-methyl group and athird
lian eIF4E is phosphorylated at Ser-209 (Joshi et al.,conserved tryptophan. The convex dorsal surface of
1995; Whalen et al., 1996). Phosphorylation increasesthe molecule displays a phylogenetically conserved
eIF4E affinity for mRNA caps, thereby stimulating trans-hydrophobic/acidic portion, which may interact with
lation initiation in vivo (reviewed in Sonenberg, 1996).other translation initiation factors and regulatory pro-
Conversely, eIF4E activity is suppressed by 4E-bindingteins.
proteins, such as mammalian 4E-BP1, 4E-BP2, and 4E-
BP3 (reviewed in Sonenberg, 1996), and yeast p20 (Alt-
mann et al., 1997). These negative regulators of geneIntroduction
expression have no effect on cap-binding but instead
block interactions between eIF4E and eIF4G (Haghighat
Eukaryotic mRNA translation initiation is a complicated et al., 1995; Mader et al., 1995; Altmann et al., 1997).
process involving assembly of a large protein±RNA com- Therefore, the 4E-binding proteins repress cap-depen-
plex that directs the ribosome to the initiation codon. dent translation by inhibiting assembly of theeIF4F com-
Like transcription initiation, translation initiation repre- plex (eIF4E, eIF4G, and eIF4A). Insulin (as well as other
sents a critical, rate-limiting step at which eukaryotic hormones, mitogens and growth factors) increases pro-
gene expression is regulated in response to develop- tein synthesis, at least in part, by relieving the repressive
mental/environmental signals (reviewed in Mathews et effect of 4E-BP1 (Lin et al., 1994; Pause et al., 1994),
al., 1996). For example, entry into and transit through the via the phosphatidylinositol 3-kinase signal transduction
G1 phase of the cell cycle are correlated with increased pathway (Manteuffel et al., 1996). When 4E-BP1 is phos-
rates of translation initiation (reviewed in Sonenberg, phorylated it no longer forms a stable complex with
1996). Eukaryotic mRNAs (excluding organellar mRNAs) eIF4E, and binding of eIF4G and assembly of a functional
are distinguished by the presence of a 59 cap structure translation initiation complex can resume (reviewed in
and a 39 polyA tail that synergize in stimulating transla- Sonenberg, 1996).
tion (reviewed in Shatkin, 1976; Sachs and Wahle, 1993). eIF4E has been the focus of considerable biochemical
The cap consists of guanosine, methylated at position and genetic study. After its identification (Sonenberg et
7, connected by a 59-to-59 triphosphate bridge to the al., 1978) and initial purification (Sonenberg et al., 1979),
cDNAs encoding eIF4E were cloned from various eu-first nucleotide of the mRNA [7-methyl-G(59)ppp(59)N,
karyotes. Sequence comparisons revealed a phyloge-where N is any nucleotide].
netically conserved 182 amino acid C-terminal portionIn the most general case (cap-dependent translation),
(Figure 1). In contrast, the N terminus varies in length,
shows little or no conservation among different organ-
isms, and is not required for cap-dependent translation§To whom correspondence should be addressed.
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Figure 1. eIF4E Sequence Alignments
Sequence alignments of eIF4E from mouse (Altmann et al., 1989), human (Rychlik et al., 1987), rat (Miyagi et al., 1995), rabbit (Rychlik and
Rhoads, 1992), Xenopus laevis (Wakiyama et al., 1995), Drosophila melanogaster (Hernandez and Sierra, 1995), Saccharomyces cerevisiae
(Altmann et al., 1987), Schizosaccharomyces pombe (Ptushkina et al., 1996), and wheat germ (Metz et al., 1992), with their respective sequence
numbers. The secondary structural elements were assigned from the X-ray structure. Boldface W indicates absolutely conserved tryptophan.
Functional classifications: boldface s, p stacking tryptophan; boldface g, hydrogen bonded to guanine; boldface r, stabilizing Arg-157; boldface
p, interaction with phosphate groups of 7-methyl-GDP; boldface m, van der Waals interaction with methyl group of 7-methyl-GDP; asterisk,
site of phosphorylation in vivo at Ser-209. Environment classification: 5, solvent-accessible side chain.
in vitro (see below). Our current structural knowledge Results and Discussion
of eIF4E is limited to results from site-directed mutagen-
esis (see below), and a photoaffinity labeling study Conserved C Terminus of eIF4E Supports Translation
Initiation and Binding to 4E-BP1(Friedland et al., 1996). The immediate challenge facing
structural biologists interested in understanding transla- Figure 2A illustrates the results of mass spectrometry
of full-length murine eIF4E following protease digestion.tional regulation of gene expression is to establish the
mechanistic bases for eIF4E's interactions with the This combination of classical biochemistry and high res-
olution mass spectrometry is extremely useful for identi-mRNA 59 cap, translation initiation factors, and regula-
tory proteins. fying domains within proteins (reviewed in Cohen, 1996).
The majority of the V8 protease and subtilisin cleavageHere, we present the 2.2 AÊ resolution X-ray structure
of the mRNA 59 cap-binding protein murine eIF4E bound sites in eIF4E map to its divergent N terminus (Figure
2A), suggesting that the conserved C-terminal portionto a cap analog (7-methyl-GDP). Our work provides the
structure of a eukaryotic translation initiation factor and corresponds to a proteolytically resistant globular struc-
ture. N-terminal truncation of murine eIF4E [eIF4E(28±of a protein recognizing an alkylated base. The a/b pro-
tein resembles a cupped hand, and consists of a curved, 217)] yields a functionally active protein (Figure 2B).
Moreover, this form of eIF4E binds to the cap structureantiparallel 8-stranded b sheet backed by three long a
helices. The concave basal surface contains a narrow with the same affinity as full-length murine (data not
shown) and interacts with 4E-BP1 (data not shown).cap-binding slot, where the side chains of two con-
served tryptophans support recognition of 7-methyl- Concordant results have been obtained in Saccharo-
myces cerevisiae. Deletion of the first 29 residues ofGDP. Guanine recognition is mediated by three hydro-
gen bonds, involving a backbone amino group and the yeast eIF4E gave a protein that supports growth of
eIF4E-deficient yeast (Vasilescu et al., 1996), and full-side chain of a conserved glutamate, and a van der
Waals contact with another conserved tryptophan. This length murine eIF4E substitutes for its yeast counterpart
in vivo (Altmann et al., 1989). Together, these data sug-structure explains how eIF4E can recognize the mRNA
59 cap during the first step of translation initiation in gest that the divergent N-terminal portion of eIF4E is
dispensable for cap recognition, binding to the 4E-BPs,eukaryotes and demonstrates that the molecule pos-
sesses a phylogenetically conserved surface. and stimulation of cap-dependent translation. At pres-
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The eIF4E-7-methyl-GDP complex structure was deter-
mined via multiwavelength anomalous dispersion (Hend-
rickson, 1991) (Table 1). Experimental phases obtained
at 2.5 AÊ resolution gave a high quality electron density
map, which was further improved by density modifica-
tion, noncrystallographic averaging, and phase combi-
nation. The current refinement model has an R factor of
20.9% and a free R value of 27.7% (BruÈ nger, 1993A) at
2.2 AÊ resolution.
Structural Overview
The three-dimensional structure of eIF4E is illustrated
schematically in Figures 2C and 3. The molecule is
shaped like a cupped hand with dimensions 41 AÊ
(width) 3 36 AÊ (height) 3 45 AÊ (depth) and consists of
one a/b domain. Secondary structural elements include
three long and one short a helices and an 8-stranded,
antiparallel b sheet, arranged in the order S1-S2-H1-S3-
S4-H2-S5-S6-H3-S7-H4-S8 (Figure 2C). Figures 3A±3D
show the eIF4E fold with its 7-methyl-GDP ligand. The
8 b strands are arranged in space in the order S2-S1-S3-
S5-S6-S4-S7-S8, making a curved, antiparallel b sheet
(Figures 3A and 3B). The three long a helices (H1, H2,
and H3) lie almost parallel to the strand direction and
top the b sheet (Figures 3C±3D). The narrow ligand-
binding cleft (cap-binding slot) is generated by the con-
cave surface of the b sheet, the short a helix (H4), and
the loop between strands S1 and S2. It is closed at one
end by the loop connecting strands S3 and S4, and
open at the other (Figures 3A±3C).
The two eIF4E-7-methyl-GDP complexes comprising
the crystallographic asymmetric unit are related by a
noncrystallographic 2-fold rotation (data not shown).
They are very similar, with root-mean-square (rms) devi-
ations between a-carbon atomic positions of 0.5 AÊ .
Packing interactions between the complexes are medi-
ated by salt bridges, hydrogen bonds, and van derWaals
interactions. Hydrodynamic studies of murine eIF4E(28±
217) showed that it is monomeric at concentrations of
Figure 2. Characterization of Recombinant eIF4E
about 1 mg/ml in aqueous solution (see Experimental
(A) Proteolysis of the eIF4E(1±217)-7-methyl-GDP complex. V8 pro-
Procedures).tease and subtilisin were used to probe the domain structure of
To the best of our knowledge, eIF4E(28±217) repre-eIF4E (Cohen, 1996). The polypeptide chain is represented schemat-
sents a novel protein fold. A search using the Dali serverically (the solid portion represents the N- and C-terminal limits of
the construct used for structure determination), with large arrows (Holm and Sander 1993) revealed a maximum Z score
denoting cleavage sites observed within minutes to hours and small of 4.1, obtained with an unrelated a/b protein (D-3-
arrows denoting cleavage sites observed between 4 and 24 hr. phosphoglycerate dehydrogenase, PDB accession code
(B) Translation initiation assays comparing eIF4E(1±217), eIF4E(28±
1PSD-B). It is remarkable that the prokaryotic ribosomal217), and eIF4E(33±217). The position of the translated CAT protein
protein S6 (PDB accession code 1RIS), which is com-is indicated by an arrow.
posed of two a helices topping a four-stranded antipar-(C) Schematic drawing of the secondary structure of murine
eIF4E(28±217). a helices (H) are shown as rectangles and b strands allel b sheet, gave a Z score of 3.2. Comparison of the
(S) are shown as arrows, with the residues numbers denoting the structure of eIF4E with that of VP39 (Hodel et al., 1996)
limits of each secondary structural element. suggests that these two cap-binding proteins do not
share a common ancestor. In addition, structure/se-
quence comparisons between eIF4E and componentsent, there is no known function for the N terminus of
of the nuclear cap-binding protein complex involved ineIF4E in any eukaryote.
pre-mRNA splicing (reviewed in Izaurralde et al., 1994)
do not reveal any similarity.Crystallization and Structure Determination
eIF4E(28±217) yielded high quality cocrystals with
7-methyl-GDP, which contain two crystallographically Sequence Comparison of eIF4E
Figure 1 documents that 66% of eIF4E's C-terminal 182independent copies of the 1:1 protein±ligand complex
in the asymmetric unit (see Experimental Procedures). residues are highly conserved. Without exception, all 61
Cell
954
Table 1. Statistics of the Crystallographic Analysis
Resolution Reflections, Completeness (%), Rsym(%), Phasing
Data Set (AÊ ) Measured/Unique Overall/Outer shell Overall/Outer shell Power
MAD analysis (5 Se sites)
l1 (0.987 AÊ ) 25.0±2.5 187,450/13,769 95.7/90.0 5.7/12.1 0.78
l2 (0.979 AÊ ) 25.0±2.5 190,172/13,758 96.1/95.3 5.4/11.3 0.00
l3 (0.978 AÊ ) 25.0±2.5 190,235/13,767 95.9/95.4 5.5/11.3 0.25
l4 (0.968 AÊ ) 25.0±2.5 189,470/13,749 95.9/95.4 5.4/11.0 0.84
Overall MAD figure of merit, 0.52
Native data 25.0±2.2 289,102/20,212 99.8/99.8 8.6/24.8
Refinement Statistics
Resolution (AÊ ) Completeness (%) R factor, Overall/Outer Shell Free R Factor
Data with |F| . 2s (|F|) 25.0±2.2 99.8 0.209/0.235 0.277
rms deviations bond lengths, 0.014 AÊ bond angles, 2.18 thermal parameters, 1.4 AÊ 2
Rsym 5 S|I 2 ,I.|/SI, where I 5 observed intensity, ,I. 5 average intensity obtained from multiple observations of symmetry related reflections.
Phasing power 5 rms (|FH|/E), |FH| 5 heavy atom structure factor amplitude, and E 5 residual lack of closure.
rms bond lengths and rms bond angles are the respective root-mean-square deviations from ideal values. rms thermal parameter is the root-
mean-square deviation between the B values of covalently bonded atomic pairs.
Free R-factor was calculated with 10% of data omitted from the structure refinement.
sites at which a significant number of differences occur Structure of eIF4E-Bound 7-methyl-GDP
Figure 4 illustrates the structure of eIF4E-boundmap either to the surface of eIF4E(28±217), where muta-
7-methyl-GDP (for clarity all 7-methyl-GDP atom namestions are tolerated, or represent conservative changes of
appear in italics in the text and in italics and lower caseburied residues unlikely to destabilize the hydrophobic
in the labeling of Figures 4A±4C). The electron density forcore. Insertions and deletions in the nine published
the cap homolog is well-defined in both protein±ligandeIF4E sequences aligned in Figure 1 map to random coil
complexes (Figure 4A), and the two crystallographicallyportions of the structure of eIF4E(28±217), where they
independent copies of 7-methyl-GDP are similar (rmswould not disrupt a or b secondary structural elements.
deviation between equivalent atoms 5 0.4 AÊ ). The ligandThe remarkable level of sequence identity and the pat-
is bound to eIF4E in an extended conformation with antern of amino acid differences across phylogeny allow
anti±glycosyl C19-N linkage (x 5 21608) and a C49-exous to conclude that all known eIF4Es share the same
ribose pucker (pseudorotation angle 5 538). The orienta-three-dimensional structure in their conserved C-termi-
tion about the C49-C59 bond is gauche,gauche (O59-C59-nal region (Sander and Schneider, 1991). Subsequent
C49-O49 torsion angle 5 2788; O59-C59-C49-C39 torsiondiscussions of functional studies make no distinction
angle 5 358). The two phosphate groups (a and b) alsobetween different eIF4Es (murine eIF4E sequence num-
adopt an extended conformation. This ligand conforma-bers are used throughout, see Figure 1 for conversions
tion is similar to that observed for 7-methyl-GMP inter-to other sequence numbering schemes). The results of
acting with L-Trp-L-Glu (Ishida et al., 1991). The onlysite-directed mutagenesis with various eIF4Es are con-
significant difference between the two nucleotide struc-sistent with our structure. Substitution of each of the
tures is the ribose pucker, which is C39-exo in the com-five conserved, buried tryptophan residues (43, 46, 113,
plex with L-Trp-L-Glu. This difference can be readily130, and 166) with Leu abolished or drastically reduced
explained in terms of ribose torsion angle flexibility, be-cap binding (Morino et al., 1996). Less severe effects
cause there is only one protein±ligand interaction involv-on cap binding were observedwith replacement of either
ing the ribose group (see below).Trp-46 or Trp-130 with Phe (Altmann et al., 1988). Reduc-
tions in cap-binding affinity were also obtained with
7-Methyl-GDP Binding
Gly-111→Asp (Altmann and Trachsel, 1989) and His-
The structure of the murine eIF4E(28±217)-7-methyl-
200→Ala (Morino etal., 1996), which would both destabi-
GDP complex represents an example of a protein bound
lize the hydrophobic core. to an alkylated base. (For reviews of protein±DNA and
The first 27 amino acids of murine eIF4E were omitted protein±RNA complex structures, see Nagai, 1996; Pati-
from the crystallization sample. In one half of the asym- koglou and Burley, 1997.) 7-methyl-GDP contacts are
metric unit, residues 28±35 are not visible in the electron completely restricted to the basal surface of eIF4E
density maps and are almost certainly disordered in one (28±217), where the cap homolog lies in the cap-binding
of the crystal's solvent channels. Given the results of slot (Figures 3A±3C). Although their crystal lattice envi-
the mass spectrometry/proteolysis study (Figure 2A), ronments are not the same, the two crystallographically
we suggest that the first 35 amino acids of murine independent eIF4E-nucleotide complexes make es-
eIF4E are disordered in the absence of other proteins. sentially identical protein±ligand interactions, burying
In the other half of the asymmetric unit, residues 28±35 portions of both the protein and 7-methyl-GDP sur-
are stabilized by lattice-packing interactions that are faces (total buried surface area/eIF4E-7-methyl-GDP
probably unique to this particular crystalline state of complex 5 610 AÊ 2). Electron density features corre-
sponding to nine well-ordered water molecules weretruncated eIF4E.
mRNA 59 Cap-Binding Protein (eIF4E) Structure
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Figure 3. Structure of the Murine eIF4E-7-
methyl-GDP Complex
(A) RIBBONS (Carson, 1991) stereodrawing
showing the concave cap-binding surface of
eIF4E(28±217). 7-methyl-GDP, included as an
atomic stick figure, is located in the cap-bind-
ing slot. a helices are labeled H1-H4 and b
strands are labeled 1±8, with the N and C
termini labeled with N and C, respectively.
The 59-untranslated region of the mRNA
would presumably project down and left to
the entrance of the cap-binding slot, overly-
ing helix H3 and strands S5, S6, and S4.
(B) Stereo drawing viewed along the face of
the b sheet, showing eIF4E in profile and the
location of the a helices on the molecule's
convex dorsal surface.
(C) Stereo drawing viewed along the face of
the b sheet, showing 7-methyl-GDP and the
entrance to the cap-binding slot.
(D) Stereo drawing viewed perpendicular to
the b strands, showing the convex dorsal sur-
face of eIF4E with its three long a helices.
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found within each protein±ligand interface. These trapped
waters are common to both complexes, creating similar
hydrogen-bondednetworks of water molecules bridging
the gap between the protein and the ribose and phos-
phate groups (see below).
The alkylated base interacts primarily with the S1-S2
and S3-S4 loops (see below), where it is sandwiched
between the side chains of two conserved tryptophans
(Trp-56 and Trp-102). This mode of side chain±base
interaction was correctly predicted from the results of
small molecule crystallographic work on model systems
(Ishida et al., 1983, 1988, 1991) and fluorescence studies
with eIF4E (Ueda et al., 1992). It can be explained in
terms of enhancement of p±p stacking enthalpy, be-
cause of charge transfer between the electron-deficient
7-methyl-guanine (which carries a delocalized positive
charge secondary to methylation) and the electron-rich
indole groups. (For a detailed quantum mechanical anal-
ysis of the energetics of stacking interactions between
indole and 7-methyl-guanine, see Ishida et al., 1988.) Not
surprisingly, Trp-56→Leu and Trp-102→Leu abolished
cap binding (Ueda et al. 1991; Morino et al., 1996),
whereas substitutions that preserve the side chain
p-electron cloud (Trp-56→Phe and Trp-102→Phe) only
reduce cap-binding activity by 50% or more (Altmann
et al., 1988).
The N7 methyl group and O6 are oriented toward
the floor of the cap-binding slot, where O6 makes a
hydrogen bond with the backbone amino group of Trp-
102. N1 and N2 emerge from between the two trypto-
phan side chains, where they make hydrogen bonds with
the carboxylate oxygen atoms of Glu-103 (see below).
Substitution of this residue with Ala also abolishes cap
binding (Morino et al., 1996). Thus, eIF4E serves as a
receptor for 7-methyl-guanine by satisfying the hydro-
gen bonding requirements for Watson±Crick base pair-
ing provided by cytidine (a donor plus two acceptors).
The N7-methyl group makes a van der Waals contact
with the side chain of Trp-166 (see below). It is remark-
able that both p±p stacking and similar hydrogen bond-
ing interactions were observed between 7-methyl-GMP
and L-Trp-L-Glu using small-molecule crystallography
(Ishida et al., 1991).
Figure 4. 7-methyl-GDP binding to eIF4E
Selected ligand atoms are labeled using lower case and italics to
distinguish them from protein components.
(A) (2|Fobserved| 2 |Fcalculated|) simulated annealing omit map (BruÈ nger,
1993B) showing 7-methyl-GDP, calculated at 2.2 AÊ resolution with
the ligand omitted from the phasing model. The contour level is 1.3s
and the refined atomic model is shown as a color-coded stick figure.
There is no significant electron density for O39, which is consistent
with the ribose ring being conformationally flexible in the complex.
The view of the ligand is identical to those shown in (B) and Fig-
ure 3B.
(B) RIBBONS drawing of 7-methyl-GDP in the cap-binding slot of
eIF4E, showing selected residues involved in cap-analog recogni-
tion. Hydrogen bonds, van der Waals interactions, and salt-bridges
are indicated with dotted lines. The three bridging water molecules
are shown as black spheres, labeled 1, 2, and 3. This view is identical
to that shown in (A).
(C) RIBBONS drawing of 7-methyl-GDP in the cap-binding slot. This
view is identical to that shown in Figures 3A and 5A, and perpendicu-
lar to the view in (B).
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The ribose and disphosphate moieties extend away group, and between N1 and N2 and a conserved acidic
residue. However, they cannot bind 7-methyl-guaninefrom the methylated purine toward the entrance to the
cap-binding slot, terminating shortly before the end of because N7 is used as a hydrogen bond acceptor in
complexes with GTP-binding proteins. (The N7 methylthe b sheet (Figures 3A, 4B, and 4C). The plane of the
ribose group lies almost perpendicular to the plane of group makes van der Waals contact with Trp-166 of
eIF4E.) The hydrophobic GTP-binding cleft also differsthe alkylated base with its O29 and O39 hydroxyl groups
directed out to the solvent, and O49 pointing toward from the cap-binding slot, and this finding may explain
why eIF4E requires guanine alkylation to form a tightTrp-56. The positions of the ribose and phosphate
groups are stabilized by salt bridges and water-medi- protein±ligand complex. GTP-binding proteins sand-
wich guanine between various aliphatic side chains, butated hydrogen bonds.
Interatomic contacts between eIF4E(28±217) and none of these residues are capable of p±p stacking with
a positively charged alkylated base.7-methyl-GDP can be divided into four classes (Fig-
ures 4B and 4C): (i) sandwiching of the alkylated base
between Trp-56 and Trp-102 (interplanar distances 5
Implications for mRNA 59 Cap Recognition3.5±3.6 AÊ ); (ii) residues making hydrogen bonds or van
This work provides a high resolution view of a proteinder Waals contacts with 7-methyl-guanine, including
recognizing an mRNA 59 cap analog. More importantly,Trp-102 (N±O6 5 2.7 AÊ ), Glu-103 (OE1±N1 5 2.9 AÊ ;
the murine eIF4E(28±217)-7-methyl-GDP cocrystal struc-OE2±N2 5 2.7 AÊ ), and Trp-166 (CH2±C7 5 3.7 AÊ ); (iii)
ture reveals protein±ligand interactions that are entirelydirect interactions between the ribose and diphosphate
compatible with the primary sequences of all knownmoieties and the protein, including Trp-56 and the ribose
eIF4Es. Without exception, the four residues makinggroup (CG±C19 5 3.7 AÊ ), Arg-157 and a- and b-phos-
contacts with 7-methyl-guanine (Trp-56, Trp-102, Glu-phate oxygen atoms (NH2±PaO1 5 3.0 AÊ ; NE±PbO1 5
103, Trp-166) are absolutely conserved among all pub-3.1 AÊ ), and Lys-162 and a- and b-phosphate oxygen
lished eIF4E sequences (Figure 1). Of the three residuesatoms (NZ±PaO3 5 3.1 AÊ ; NZ±PbO2 5 2.9 AÊ ) [The posi-
that interact with the two phosphate groups, Arg-157 istion of Arg-157 is stabilized by a salt bridge with Asp-
absolutely conserved. The same is true of Asp-90, which90 (OD1±NH2 5 2.8 AÊ ).]; and (iv) two residues projecting
stabilizes the position of Arg-157 via a salt bridge. Thefrom the floor of the cap-binding slot make water-medi-
remaining two residues (Arg-112, Lys-162) make eitherated contacts with 7-methyl-GDP via three of the nine
direct or water-mediated contacts with phosphates, andwater molecules trapped between the ligand and the
are either arginine or lysine in the sequences listed inprotein. These three bridging waters are found in virtu-
Figure 1. Thus, we believe that the mode of 7-methyl-ally the same relative positions in the two crystallograph-
GDP binding observed in our cocrystal structure is com-ically independent complexes comprising the asymmet-
mon to all known eIF4Es.ric unit. Trp-166 plus two water molecules interacts with
Our eIF4E-7-methyl-GDP cocrystal structure is alsoone of the a-phosphate oxygen atoms (NE1±H2O1 5
compatible with the results of all published binding stud-3.0 AÊ ; H2O1±H2O2 5 2.8 AÊ ; H2O2±PaO2 5 3.1 AÊ ). Arg-
ies carried out with cap analogs or mRNAs bearing modi-112 plus another water molecule interacts with the oxy-
fied 59 caps. Although N7-methylation of guanine is es-gen atom that provides the ester linkage between the
sential for cap recognition in vivo (GMP, GDP, and GTPtwo phosphorous atoms (NZ±H2O3 5 2.4 AÊ ; H2O3±
are ineffective competitors, see Darzynkiewicz et al.,PaO3 5 3.2 AÊ ). O49 is oriented toward the walls of the
1985), a variety of N7 substituents supporteIF4E bindingcap-binding slot, and O29, O39, O59 and PbO3 aresolvent
in vitro (Darzynkiewicz et al., 1989). Substitution of theaccessible and appear to make hydrogen bonds with
methyl group at N7 with either ethyl, benzyl, or 2-pheny-water molecules in the first shell of hydration.
lethyl yields cap analogs that inhibit cap-dependentEarlier work demonstrating a pH optimum of 7.6 for
translation initiation. Conversely, propyl, isopropyl, bu-mRNA cap binding/translation and measurement of a
tyl, isobutyl, cyclopentyl, carboxymethyl, and 1-pheny-pKa of 7.4 for the N1 proton of 7-methyl-GTP in transla-
lethyl substituents have no effect on translation. Further-tion buffer (Rhoads et al., 1983), lead to suggestions
more, mRNA caps modified at N7 with either benzyl orthat the enolate form of 7-methyl-guanine (in which N1
ethyl groups support translation in vitro (Furuichi et al.is deprotonated) may be recognized by eIF4E. Our co-
1979; Darzynkiewicz et al., 1989). Model building studiescrystal structure shows conclusively that eIF4E recog-
with our structure (data not shown) suggest that ethyl,nizes the keto form of 7-methyl-GDP, because the N1
benzyl, or 2-phenylethyl moieties can fit in the water-proton is required for hydrogen bond donation to Glu-
filled cavity found between 7-methyl-GDP and eIF4E.103. Presumably, the chemical microenvironment pro-
These predictions are supported by earlier findings thatvided by the negative charge of Glu-103 increases the
7-benzyl-G capped mRNA is translated at almost twicepKa of the N1 proton in its eIF4E-bound state.
the level of normally capped mRNA (Darzynkiewicz etFinally, the structure of the protein-7-methyl-GDP
al., 1989), which can be explained in terms of extrusioncomplex explains why guanine, GMP, GDP, and GTP
of additional water molecules from the protein±liganddo not competitively inhibit translation initiation. Unlike
interface giving a higher entropy change on binding andeIF4E, the GTP-binding proteins (Ras p21, EF-Tu, ARF1,
hence a higher affinity for eIF4E.and the heterotrimeric G proteins) share a core domain,
Modifications that abolish or reduce eIF4E bindingconsisting of five a helices and a six-stranded b sheet
include the following: substitution of O6 with a chlorine(reviewed in Kjeldgaard et al., 1996). Interactions be-
atom (Adams et al., 1978), precluding the Trp-102±O6tween GTP-binding proteins and guanine do include
hydrogen bonds between O6 and a backbone amino hydrogen bond; methylation of the N1 position of
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7-methyl-GDP (Adams et al., 1978), eliminating the
Glu-103±N1 hydrogen bond; double methylation of N2
(Darzynkiewicz et al., 1988) or removal of N2 giving
7-methyl-inosine (Adams et al., 1978; Ueda et al., 1992),
preventing formation of the Glu-103-N2 hydrogen bond;
reduction of 7-methyl-GDP to 8-hydro-7-methyl-GDP
(Adams et al., 1978), which would reduce the delocalized
positive charge on the alkylated base. Substitutions that
affect solvent-accessible portions of 7-methyl-GDP and
have little or no effect on cap binding and/or translation
include: single methylation of N2 (Darzynkiewicz et al.,
1988); O29 or O39 methylation (Darzynkiewicz et al.,
1985); removal of the 29 hydroxyl group (Darzynkiewicz
et al., 1985); and methylation of the b- or g-phosphate
groups (Darzynkiewicz et al., 1985).
The eIF4E-7-methyl-GDP cocrystal structure is also
consistent with the well-established finding that mRNA
binding is not affected by the identity of the base follow-
ing the cap (reviewed in Shatkin, 1976). The electrostatic
potential surface of the cap-binding slot, illustrated in
Figure 5A, reveals that the binding surface can be di-
vided into three portions. At the slot's deepest point,
the presence of Glu-103 is responsible for the calculated
negative electrostatic potential (denoted in red), which
would partially neutralize the positive charge on the al-
kylated base. Where the ribose moiety binds in the mid-
dle of the slot, the calculated electrostatic potential is
neutral (denoted in white), because of the hydrophobic
character of Trp-56, Trp-102, and Trp-166. At the en-
trance to the slot, Arg-112, Arg-157, and Lys-162 gener-
ate the calculated positive electrostatic potential (de-
noted in blue), which partially neutralizes the two
phosphate groups of 7-methyl-GDP. Figure 5A shows
that the positively charged slot extends beyond the lim-
its of the ligand used in this work, suggesting a chemi-
cally reasonable binding site for the g-phosphate groups
of 7-methyl-GTP or 7-methyl-G(59)ppp(59)N. (See Figure
5A for a hypothetical path for the mRNA.)
Figure 5A also illustrates the location of Ser-209,
which is phosphorylated in response to treatment of
cells with growth factors, hormones, and mitogens (re-
viewed in Sonenberg, 1996). Although our cocrystal
structure does not include either a phosphate group at
Ser-209 or 7-methyl-G(59)ppp(59)N, the structure does
provide sufficient information with which to propose a
constants of 80 and 2 for solvent and protein, respectively (Gilson
et al., 1988).
(A) Cap-binding surface of eIF4E, showing 7-methyl-GDP in the cap-
binding slot. The surface is color coded for electrostatic potential
and labeled with the locations of selected residues involved in cap-
analog recognition (Trp-56, Trp-102, and Glu-103). This view is iden-
tical to that shown in Figure 3A. The putative path of an mRNA
ligand is indicated with a yellow arrow, which is shown passing
between Ser-209 and Lys-159.
Figure 5. Surface properties of eIF4E (B) Convex dorsal surface of eIF4E, showing green color-coded
GRASP (Nicholls et al., 1991) representations of the chemical prop- locations of surface accessible residues that are absolutely con-
erties of the solvent-accessible surface of eIF4E calculated using a served among all nine known sequences of eIF4E (see Figure 1).
water probe radius of 1.4 AÊ . For clarity, residues 28±35 have been This view is identical to that shown in Figure 3D.
omitted. The surface electrostatic potential is color coded red and (C) Solvent-accessible surface of the convex face of eIF4E, color
blue, representing electrostatic potentials ,28 to .18 kBT, where coded for electrostatic potential and labeled with the locations of
kB is the Boltzmann constant and T is the temperature. The calcula- absolutely conserved solvent-accessible residues. This view is iden-
tions were performed with an ionic strength of 0 and dielectric tical to those shown in (B) and Figure 3D.
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model for the stimulatory effects of Ser-209 phosphory- RNA-binding proteins demonstrates that eIF4E repre-
sents a novel RNA-binding fold. Excluding the transferlation. At the current stage of crystallographic refine-
ment, we do not have well-localized electron density RNA synthetases and the E. coli Rop protein, all known
RNA-binding motifs are a/b proteins in which a b sheetfor the side chain of Lys-159. Model building (data not
shown) demonstrates that this apparently flexible side is packed against a pair of a helices (reviewed in Nagai,
1996). Our current census of RNA±protein complexeschain could adopt a conformation that would bring its
positively charged amino group to within 7.5 AÊ of the includes the RNA bacteriophage MS2 coat protein inter-
acting with a 19-nucleotide hairpin (Valegard et al.,hydroxyl group of Ser-209. In addition, electron density
for the H4-S8 loop is only seen in one of the two eIF4E- 1994), and the RNA-binding domain of the UA1 spliceo-
somal protein complexed with a 21-nucleotide hairpin7-methyl-GDP complexes comprising the asymmetric
unit (see Experimental Procedures), suggesting that this (Oubridge et al., 1994). Although MS2, U1, and eIF4E
are all a/b proteins, the RNA-binding surfaces of MS2portion of the polypeptide chain is relatively flexible.
Therefore, phosphorylation of Ser-209 could generate and U1 are large, relatively flat b sheets to which the
stem and loop of the hairpin are approximated. In con-a salt bridge with Lys-159, which would introduce a
retractable bridge covering the cap-binding slot near its trast, the ªRNA-binding siteº in eIF4E is a narrow slot
that interacts with a single-stranded nucleic acid ligand.entrance (Figure 5A). Phosphorylated Ser-209 and Lys-
159 might together act as a clamp, which would help
stabilize the mRNA in the cap-binding slot. A similar Conclusion
effect has been observed in carboxypeptidase A, where In conclusion, the three-dimensional structure of this
Tyr-248 acts as a retractable cover for ligands bound highly unusual protein±nucleic acid complex explains
in the active-site cleft (reviewed in Christianson and the 59 mRNA cap-binding properties of eIF4E. Our work
Lipscomb, 1988). The proposed model of mRNA-binding also provides a starting point for further crystallo-
stabilization following phosphorylation is consistent graphic, biochemical, and genetic studies of eIF4E and
with an earlier report that phosphorylated eIF4E exhibits its role in translation initiation. In particular, these results
a 3- to 4-fold increase in 7-methyl-GTP binding activity, should aid directed, systematic analyses of the mecha-
compared with its nonphosphorylated form (Minich et nisms by which eIF4E recognizes other translation initia-
al., 1994). This enhanced intermolecular interaction un- tion factors (i.e., eIF4G) and the 4E-binding proteins.
derscores the importance of regulation of eIF4E activity
by phosphorylation under conditions of growth stimu- Experimental Procedures
lation.
Protein Preparation and Crystallization
Full-length murine mRNA 59 cap-binding protein [eIF4E(1±217)] waseIF4E-Translation Factor Interactions
expressed in E. coli and purified to homogeneity via 7-methyl-GDPThe cocrystal structure of eIF4E also provides a basis
affinity chromatography (Edery et al., 1988). Mass spectrometry doc-for analyzing contacts between eIF4E and proteins that
umented that purified eIF4E(1±217) was neithermodified norproteo-
interact with eIF4E during translation initiation. Figures lyzed (data not shown). Initial crystallization trials immediately
3D, 5B, and 5C illustrate the convex dorsal surface of yielded needles, which resisted attempts to improve their size. Rea-
soning that a flexible portion or portions of the protein might beeIF4E, where a helices H1 and H2 display solvent-acces-
interfering with crystallization, we searched for a proteolytic limitsible, hydrophobic, and acidic residues that are phylo-
digest of eIF4E(1±217). Proteolysis with V8 protease and subtilisingenetically conserved. The green color-coded portion
was combined with mass spectrometry to obtain accurate eIF4E
of the molecular surface depicted in Figure 5B corre- cleavage maps using the methods reviewed in Cohen, 1996.
sponds to surface-accessible residues that are abso- eIF4E(28±217) plus an initiator methionine was expressed in E.
lutely conserved among all nine known eIF4Es (Figure coli as inclusion bodies. Guanidinium-solubilized eIF4E(28±217) was
renatured by dialysis and purified as above. The measured molecu-1). Val-69, Trp-73, Leu-131, and Gly-139 contribute to
lar mass for eIF4E(28±217) was 22,117 6 5 (predicted 22,113). Dy-the nonpolar part of this surface (white in Figure 5C),
namic light scattering, performed with a DynaPro-801 Molecularand Glu-70, Glu-140, and Asp-143 contribute to its acidic
Size Detector (Protein Solutions Inc., Charlottesville, VA), demon-portion (red inFigure 5C). This conservedsurface feature
strated that eIF4E(28±217) was monomeric and monodisperse at 1
may be important for interactions with eIF4G and with mg/ml in aqueous solution. Crystallization trials yielded crystals in
the 4E-binding proteins, which share a Tyr-X-X-X-X- the orthorhombic space group P212121 (a 5 59.3 AÊ , b 5 74.8 AÊ , c 5
76.3 AÊ ), with two protein±ligand complexes in the asymmetric unitLeu-Leu motif in which X is any amino acid and the
that diffract to at least 1.8 AÊ resolution. eIF4E(28±217)-7-methyl-second leucine is not strictly invariant (Mader et al.,
GDP cocrystals were grown by sitting-drop vapor diffusion against1995; Altmann et al., 1997). Preincubation of eIF4E with
100 mM 2-morpholinoethanesulfonic acid (pH 6.0), 10%±12% PEGeIF4G precludes binding of 4E-BP1 and vice versa
4K, 10% isopropanol, 20 mM dithiothreitol. eIF4E(28±217) was also
(Haghighat et al., 1995), suggesting that the conserved expressed in its selenomethionine (Se-Met) substituted form, and
hydrophobic surface feature on the concave dorsal sur- the Se-Met protein was purified, characterized by mass spectrome-
face of eIF4E could be a common binding site for the try, and crystallized as above. eIF4E(33±217) was also produced
and purified to homogeneity as described above.sequence Tyr-X-X-X-X-Leu-Leu. The conserved acidic
residues (Glu-70, Glu-140, and Asp-143) might be re-
Translation Initiation Assayssponsible for destabilizing complexes between eIF4E
Capped chloramphenicol acetyl transferase (CAT) RNA was synthe-and phosphorylated 4E-BPs via electrostatic repulsion.
sized by T7 RNA polymerase in the presence of the cap analog
7-methyl-(59)Gppp(59)G. Recombinant eIF4Es (full-length, 28±217,
Novel RNA-Binding Fold and Mechanism 33±217) were assayed for translation initiation activity in an eIF4E-
Comparison of our structure of the eIF4E-7-methyl-GDP depleted rabbit reticulocyte lysate as described in Svitkin et al.,
1996.complex with the three-dimensional structures of other
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Data Collection, Structure Determination, Altmann, M., Schmitz, N., Berset, C., and Trachsel, H. (1997). A
novel inhibitor of cap-dependent translation initiation in yeastÐp20and Refinement
competes with EIF4G for binding to EIF4E. EMBO J. 16, 1114±1121.Native X-ray diffraction data were collected on CHESS F1, under
standard cryogenic conditions. Se-Met multiwavelength anomalous BruÈ nger, A.T. (1993a). Free R value: a novel statistical quantity for
dispersion data (Hendrickson, 1991) were collected on CHESS F2, assessing the accuracy of crystal structures. Nature 355, 472±475.
using reverse-beam geometry to record Friedel pairs at four X-ray BruÈ nger, A.T. (1993b). X-PLOR v. 3.1 manual (New Haven: Yale Uni-
wavelengths, corresponding to two remote points above and below versity).
the Se absorption edge (l1 and l4) and the absorption edge inflection
Carson, M. (1991). Ribbons 2.0. J. Appl. Crystallogr. 24, 958±961.point (l2) and peak (l3). Data were processed using DENZO and
Christianson, D.W. and Lipscomb, W.N. (1988). CarboxypeptidaseSCALEPACK (Z. Otwinowski and W. Minor). Four of the possible six
A. Acc. Chem. Res. 22, 62±69.selenium atoms were found using SHELXS-90 in Patterson search
mode (G. M. Sheldrick). Experimental phases (aMAD) were estimated Cohen, S.L. (1996). Domain elucidation by mass spectrometry.
Structure 4, 1013±1016.at 2.5 AÊ resolution via a multiple isomorphous replacement/anoma-
lous scattering strategy using MLPHARE (Z. Otwinowski) with three Darzynkiewicz, E., Ekiel, I., Tahara, S.M., Seliger, L.S., and Shatkin,
of the wavelengths treated as derivatives and one (l2) treated as A.J. (1985). Chemical synthesis and characterization of 7-methyl-
the parent, giving a final figure of merit of 0.52. The resulting |Fobserved|/ guanosine cap analogues. Biochemistry 24, 1701±1707.
aMAD Fourier mapshowed good contrast betweensolvent and protein Darzynkiewicz, E., Stepinski, J., Ekiel, I., Jin, Y., Haber, D., Sijuwade,
regions, with right-handed a helices and b strands clearly visible. T., and Tahara, S.M. (1988). b-globin mRNAs capped with m7G,
After density modification and 2-fold noncrystallographic averaging, m22,7G or m32,2,7G differ in intrinsic translation efficiency. Nucleic Acids
z95% of the residues could be built into the electron density map Res. 16, 8953±8962.
using theprogram O (Jones et al., 1991). Model building interspersed
Darzynkiewicz, E., Stepinski, J., Ekiel, I., Goyer, C., Sonenberg, N.,with positional and simulated annealing refinement (BruÈ nger, 1993b)
Temeriusz, A., Jin, Y., Eijuwade, T., Haber, D., and Tahara, S.M.permitted location of 7-methyl-GDP and an unambiguous trace and
(1989). Inhibition of eukaryotic translation by nucleoside 59-mono-sequence assignment of eIF4E.
phosphate analogues of mRNA 59-Cap: changes in N7 substituent
The current refinement model consists of eIF4E residues 36±207
affect analogue activity. Biochemistry 28, 4771±4778.
and 212±217 plus 7-methyl-GDP (complex 1), and eIF4E residues
Edery, I., Altman, M., and Sonenberg, N. (1988). High-level synthesis28±217 plus 7-methyl-GDP (complex 2), and 130 water molecules.
in Escherichia coli of functional cap-binding eukaryotic initiationAll illustrations of eIF4E are derived from complex 2, with residues
factor eIF-4E and affinity purification using a simplified cap-analog28±35 omitted for clarity. The electron density for the polypeptide
resin. Gene 74, 517±525.backbone is everywhere continuous at 1.3s in a (2|Fobserved| 2
Friedland, D.E., Shoemaker, M.T., Xie, Y., Wang, Y., Hagedorn, C.H.,|Fcalculated|) difference Fourier synthesis. PROCHECK (Laskowski et
and Goss, D.J. (1996). Identification of the cap binding domain ofal., 1993) revealed 2/365 unfavorable (w,c) combinations and main-
human recombinant eukaryotic protein synthesis initiation factor 4Echain and side-chain structural parameters consistently better than
using a photoaffinity analogue. Prot. Sci. 6, 125±131.those expected at 2.2 AÊ resolution (overall G factor 5 0.15). A full
Furuichi, Y., Morgan, M.A., and Shatkin, A.J. (1979). Synthesis andaccount of the refinement at the diffraction limit will be published
translation of mRNA containing 59-terminal 7-ethylguanosine cap.elsewhere. Atomic coordinates and structure factor amplitudes will
J. Biol. Chem. 254, 6732±6738.be submitted to the Brookhaven Protein Data Bank.
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